Nerve edema is a common response to the nerve injury seen in many peripheral neuropathies and is an important component of Wallerian degeneration. However, independent pathologic effects of nerve edema that aggravate or induce nerve injury extend the role of edema beyond that of an epiphenomenon of injury. New insights into the mechanism and impact of nerve edema come largely from animal models. In the following review, we discuss the cause and consequences of nerve edema with particular reference to endoneurial fluid pressure and its relevance to the nerve microenvironment. Experimental models of nerve edema include conditions with increased vascular permeability such as lead poisoning, experimental allergic neuritis, and murine globoid leukodystrophy. Increased perineurial permeability induced by local anesthetics and neurolytic drugs can also induce nerve edema sufficient to increase endoneurial fluid pressure. Both perineurial and vascular permeability are increased after damage induced by crush, freeze, or laser injury. One of the most important forms of nerve edema is induced by external compression; the significance of this change is that edema has local compressive effects that persist after the external pressure has been relaxed. Nerve edema and increased endoneurial fluid pressure also occur in conditions in which vascular permeability appears to be unchanged such as experimental diabetic neuropathy and in hexachlorophene intoxication. In both of these conditions, reduced nerve blood flow has been demonstrated in rats and is viewed as a consequence of increased endoneurial fluid pressure. Whatever its mechanism, endoneurial edema has important structural and functional consequences for nerve fibers. A clear understanding of the underlying pathology ofthe nerve microenvironment may provide useful insights into treatment ofclinical neuropathies.
INTRODUCTION
The microenvironment of peripheral nerve is closely regulated by the selective permeability of the blood-nerve bamer (BNB), damage to which may induce endoncurial edema and subsequent injury to nerve fibers either by direct effects of pathogenic agents or indirectly by ischemia associated with increased endoneurial fluid pressure. This presentation is concerned with studies our laboratory has conducted on the pathophysiology of ierve hydra: tion using various experimental models which result in nerve edema (Table I) . While further studies are needed to explain many of the pathogenic mecha-nisms involved in the examples presented here, it is possible, based on information presently available, to provide an overview and to discuss pathologic implications. The first section briefly reviews 3 key features of the nerve microenvironment: the sasa itervonriu, the BNB, and endoneurial fluid pressure (EFP). The second section considers the pathologic significance of nerve edema. In the third section, we discuss pathogenic factors common to experimental models and demonstrate the extent to 'wliiih'hydrostatic forces influence the development and resolution of peripheral neuropathies.
NERVE MICROENVIRONMENT

Vasa Ner y o n iiii
Peripheral nerve is supplied with a series of radicular vessels that uenetrate the loose connective tis- and forms the extrinsic network of the sasa tiersorum (37) . Transperincurial vessels from the extrinsic circulation of the epineurium traverse the perineurium and anastamose with the intrinsic component of the vasa tzersorziur within the endoneurium. The intrinsic circulation is comprised of the smallest components of the microcirculation and is largely responsible for nutritive exchange with the nerve fibers (36). The endothelium lining endoneurial vessels is continuous with tight junctions between adjacent cells. Epineurial endothelium lacks the tight junctions characteristic of the endoneurial intrinsic circulation.
The Blood-Nerse Barrier
Tight cellular junctions between the endothelium of the intrinsic circulation and between perineurial cells surrounding each nerve fascicle ( Fig. 1) comprise the structural components of the BNB, which regulates the endoneurial microenvironment of peripheral nerve (74) . The endothelial lining of the intrinsic circulation is formed by continuous, nonfenestrated endothelia in which individual cells are linked by tight junctions, rendering them impermeable to macromolecules camed in the circulation. The innermost layers of the perineurial shcath are also linked by tight cellular junctions. Both tissues serve to isolate the endoneurial interstitiurn in the same way that the brain is physiologically isolated by its vascular endothelium and the choroid plexus. TOXICOLOGIC PATHOLOGY Historically, the concept of the BNB owes its origin to morphological observations that intravenous dyes and macromolecular tracers do not enter the endoneurial microenvironment (23, 59) . Recent work has emphasized that the BNB is not a simple physical bamer with passive, all-or-none permeability characteristics, but rather a system of regulated permeability in which diffusibility of macromolecules is influenced by their size, chemical composition and electrical charge. Other factors such as the positive interstitial (endoneurial) fluid pressure and the absence of lymphatic drainage reflect unique aspects of the endoneurial microenvironment that distinguish it from the extraneural interstitium. Loss of BNB integrity is implicated in the pathogenesis of a number of peripheral nerve disorders in experimental models (Table I) and humans.
Etidotieurial Fluid Presstire
In most tissues in which hydrostatic pressure has been measured, interstitial pressures are generally negative (14) . The lowest pressure readings come from the lymphatic channels which act as a sink for the collection of macromolecules. However, pcriph-era1 nerve has positive endoneurial fluid pressure, a suggestion first made by Sunderland (85) who noted that after an incision in the perineurium the endoneurial contents bulged outwards. The existence of positive endoneurial fluid pressure was indepcndently confirmed by Low and Dyck (33) and by Myers et al(45) using different techniques for EFP measurement.
The mechanisms whereby normally positive endoneurial fluid pressure is maintained are not completely understood. Donnan forces acting across selective permeability barriers may be involved by causing unequal distribution of ions across the semipermeable membranes of the BNB. Osmotic force is also generated by several classes of osmolytes sequestered in the endoneurial compartment by the BNB and by metabolic products ofthe sorbitol pathway. Since lymphatic drainage provides an egress for osmotically-active macromolecules, the absence of lymphatics in the endoneurium may result in a slower clearance of osmotically-active ma'cromolecules and thus also contribute to positive EFP. A' n additional factor that may contribute to a positive pressure is the contractile properties of the perineurium (78) .
A clue to the significance of normal positive pressure in the endoneurium may lie in the recent observation that there is a proximo-distal gradient of EFP in peripheral nerve (56) . EFP in the dorsal root ganglion is twice that ofthe more distal sciatic nerve. This endoneurial pressure gradient might promote proximo-distal flow of endoneurial fluid to the peri-neurium-free zone of the terminal axon. Such proximo-distal flow may provide an alternate means of fluid clearance in a tissue compartment lacking lymphatic drainage.
PATHOLOGIC SIGNIFICANCE OF NERVE EDEMA The association ofincreased nerve hydration with many different kinds of nerve injury suggests that the edema is a response to, or epiphenomenon of, nerve injury (5 1). However it has also been argued that edema itself might precipitate secondary pathologic erects which either induce or aggravate nerve injury. For instance, it is thought that edema can cause deficits in nerve conduction through secondary mechanisms such as ischemia or ionic changes in the composition of endoneurial fluid.
Pathologic Valve Afechatiisi?i
An effective decrease in nerve blood flow has been postulated to occur in two ways with nerve edema. First, the pathologic valve niecJianisni is a hypothesized relationship between increased endoneurial fluid pressure and reduced nerve blood flow (36,50, 85). The pathologic valve mechanism asserts that transperineurial vessels are a critical component of the nerve blood supply and that edema-associated increases in endoneurial fluid pressure stretch the perineurium and constrict these vessels. The resulting compromise in intrinsic nerve blood flow produces ischemic nerve injury.
The basic concept that interstitial fluid forces affect transport phenomena and hemodynamic function pervades physiology; simple mechanics dictate that blood vessels in compartmentalized tissues can be compressed or occluded by external forces exceeding intravascular pressures. In peripheral nerve, however, pathologic endoneurial fluid pressures are of relatively low magnitude, rarely exceeding capillary pressure. Some other mechanism must therefore be invoked in order to attribute a causal relationship to the strong correlation between increased EFP and reduced nerve blood flow (52, 55). An increase in endoncurial edema produces increased endoneurial fluid pressure. This, in turn, circumferentially stretches the perineurium and focally cqnstricts the transperineurial vessels that pass through it to connect the extrinsic and intrinsic nerve circulations. The extrinsic, epineurial vasculature is ofcritical importance to the normal function ofnerve since it provides essential transperineurial anastomotic connection with the intrinsic circulation in the endoneurium that provides nutrient exchange across the capillaries. This hypothesis is supported by both morphological evidence of constricted vessels studied in serial transverse sections of nerve and by a computerized biomechanical model run on the UCSD supercomputer using structural en-gineering finite element modelling of the biomechanical forces involved (50).
Iiitercapillary Distarice
Nerve blood flow might also prove to be insufficient due to increases in intercapillary distances. Edema-induced swelling of the nerve compartment results in increased distances between capillaries, and therefore may represent an insufficient vascularity for the maintenance ofnormal nerve function.
In galactose-intoxicated rats, Low et a1 (34) demonstrated a strong relationship between endoncurial hypoxia and increased intercapillary distances. In this hypothesis, edema is particularly marked in the subperineurial region and, consequently, intercapillary distances are much increased as well. Measurements of oxygen tension in these edematous regions were found to be much lower than those at the center of the nerve fascicle. However it should be noted that decreased oxygen tensions in the subperineurial region could result not only from physical separation of capillaries, but also from the constriction of these vessels as demonstrated with the pathologic valve mechanism.
Ion-Depeiidetice of Nene Cotidiiction
Changes in the ionic composition of endoneurial fluid might also result in changes in nerve conduction. The normal propagation of nerve action potentials depends on the relative concentration of intracellular and extracellular concentrations of ions, particularly potassium, sodium, and chloride. Accumulation of edema fluid in the endoneurial fluid space may be either the consequence or the cause of changes in the concentration of these ions. Although no evidence has yet been obtained to demonstrate this effect in edematous nerve, marked changes in concentration of these ions will perturb nerve conduction. Increased extracellular potassium depolarizes axonal resting membrane potential. Qualitatively, increased extracellular sodium should increase conduction velocity, while lowering it should result in a decrease in velocity (1 6).
Axoiial Dwiiidlirig
Nerve conduction velocity is related to nerve fiber cross-sectional area; therefore, shrinking or swelling of axons will modulate velocities down or up, respectively. For example, Dyck et al (7) demonstrated that acute hyperosmolar dextrose infusion produced axonal shrinkage and a corresponding decrease in motor nerve conduction. Axonal dwindling has also been reported in streptozotocin diabetes (17) and may be related to an increase in the tonicity of endoneurial fluid seen in other experimental models of diabetes (4244) ( Figs. 12 and 13 ). The resulting extraction of water from axons would be reflected in decreased caliber and, correspondingly, decreased nerve conduction velocity as suggested by Sugimura et a1 (84) .
EXPERIMENTAL MODELS OF NERVE EDEMA Iticreased Vasciilar Pernteability
Experimental models in which increased vascular permeability results in endoneurial edema include toxic (lead), autoimmune (experimental allergic neuritis), genetic (murine globoid leukodystrophy), and intraneural (Compound 48/80 or histamine injection) models.
Lead. Lampert and Schochet (30) described widened spaces between nerve fibers as well as Periodic-Schiff-positive deposits around vessels in experimental lead intoxication and suggested edema formation resulting from increased vascular permeability. Further evidence for this comes from the work of Low and Dyck who were first to measure increased EFP in experimental lead neuropathy (33) . Subsequently Myers et al (45) confirmed the increase in EFP, showing that the onset of EFP coincides with altered vascular permeability after seven weeks of intoxication. Using fluorosceinisothiocyanate-labelled dextrans of progressively greater molecular weight, Myers et al showed that the permeability alteration starting at 7 weeks became progressively more 'severe while EFP increased (Fig. 2) . The permeability defect starts precisely at 7 weeks; however, there are indications of endothelial damage at a much earlier time. Signs of microangiopathy appear as early as 1 week after commencing intoxication ( Fig. 3) ; electron microscope studies at this point show electron-dense inclusions characteristic of lead intoxication appearing in the nuclei of endothelial cells (54, 68) . These inclusions are identical to the well-known renal and hepatic cell inclusions that occur shortly after commencing lead intoxication. Renal proximal tubular cell inclusions were also described in these animals ( Fig. 4 ). Windebank and colleagues (93) have shown that lead gains access to the endoneurium long before there is altered permeability and that the nerve lead content is maximal at 30 days. Lead inclusions are visible inside Schwann cells within two weeks of commencing lead intoxication (68) (Fig. 5) . The lead content of these inclusions has been confirmed with electron probe x-ray microanalysis which has also been used to study the electrolyte concentrations of endoneurial fluid in lead poisoning(Myers et al, 47). During lead-induced endoneurial edema, endoneurial fluid becomes iso-osmotic with serum. Endoneurial electrolyte disturbances may be found in other neuropathies in which edema occurs; it has recently been documented in galactose intoxication (4244).
In lead neuropathy, there is ample evidence of direct toxicity to nerve fibers; demyelination (Fig. 6) in this disease is a direct consequence of Schwann cell damage. However, endoneurial edema ( Fig. 7) and the BNB breakdown that in'duces it ( Fig. 8 ) are significant disturbances of the endoneurial microen-vironment which are likely to exacerbate the demyelinating neuropathy ( Fig. 9 ). Experinietiral Allergic Neuritis. The role of altered vascular permeability in the pathogenesis of endoneurial edema is well understood in experimental allergic neuritis in which hematogenous cells, as well as plasma, infiltrate the endoneurial interstitium after passing between venular endothelial cells prior to the occurrence of demyelination. The normally tight interendothelial cell junctions of the intrinsic rasa tienorzrttz loosen sufficiently to admit intravenously-injected tracers into the endothelial interstitium. The subsequent accumulation of endoneutjal fluid is sufficient to increase EFP significadtly (63) . The fluid is protein-rich and immunocytochemistry shows it to contain abundant immunoglobulin (62) . The disease is classically induced by the subcutaneous injection of homogenized peripheral nerve in coniplete Freund's adjuvant (27); however, it can also be evoked by injecting Pz, a normal protein constituent of myelin and by T-cell lines specific for P2 (15) . The temporal evolution of edema may be important, both in the pathogenesis of the experimental condition and per- haps in the morbidity of the clinical condition it models (Guillain-Barre syndrome). Experiments with both crude myelin homogenate and T-cell lines demonstrate that edema is the earliest pathologic event once the BNB becomes abnormally permeable and that degranulation of mast cells accompanies it (4). The surfaces of mast cells contain receptors to certain classes of immunoglobulin and are also responsive to T-cells during a delayed hypersensitivity reaction (I). Altered vascular pcrmeability and edema are first detectable 10 days after immunization with crude myelin or P2, but appear four to five days after inoculation with sensitized T-cells (15). Edema may be important in transporting hematogenous cells to their immunologic targets while mast cells may promote altered vascular permeability by modulated release of histamine. Although the role of edema in experimental allergic neuritis is incompletely understood at this point, it may be associated with reduced nerve blood flow and might be a treatable complication of disabling inflammatory neuritis.
Miirine Globoid Letikodystropiiy. Schwannopathy, altered vascular permeability and endoncurial edema occur in an inherited metabolic abnormality in mice (64). Murine globoid leukodystrophy in the twitcher mouse is an animal model for Krabbe disease, a demyelinating disorder which affects white matter and peripheral nerve. The disorder is an autosomal recessive trait with severe deficiency of gat prominent intranuclear inclusion which is more electron dense than chromatin and has the typical spicules at the periphery. x 14,000. lactosyl ceramidase and lactosylceramidase I activities (26) . Severe endoneurial edema develops in peripheral nerves of ailing twitcher mice, a distinctive feature not reported in other animal models. In fact, the twitcher mouse appears to represent a naturally occurring animal model for endoneurial edema. It is the first model in which altered vascular permeabiltiy and increased EFP have been documented. Elevated EFP was detected and electron microscopy showed the vessels to be abnormally permeable to intravenously injected horseradish peroxidase which passed between endothelial cells of the vasa nenoriirii and flooded the endoneurium (64) . Another unusual finding, noted by different investigators (26, 64) is that eosinophils, which are not normal constituents of the endoneurial inteistitium, are numerous throughout the endoneurium.
Conipoiiiid 48/80 or Histantine. Wailerian qe: generation may be induced by chemical means. For example, intraneural injection of the histaminergic agent Compound 48/80 or injection of pure histamine causes intense local swelling due to mast cell degranulation (58, 66) . In the case of Compound 48/80, there is extensive destruction of cells throughout the endoneurium. On the other hand, histamine injection induces only mast cell changes while other constituents of the mast cell granule, such as heparin, do not have the same effect. Edema induced by histaminergic agents is sufficiently severe to cause marked elevation of EFP. Endoneurial mast cells increase in number in the course of many chronic neuropathies (58) and it has been suggested that these cells may promote endoneurial drainage by modulating the amount of interstitial fluid in their immediate vicinity.
Iucreased Perineiirial Pernieability
Local Anesthetics. Local anesthetics have received widespread clinical use because of their ability to produce local analgesia by reversibly blocking nerve conduction. The use of these agents is rarely associated with untoward sequelae and it is generally assumed that any residual morbidity following local anesthetic administration is caused iatrogenically. There is, however, a long history of experimental demopstration of structural pathology associated with various IocAl anesthetics (for review see 6 1) . In recent years, interest in local anesthetic neurotoxicity has been renewed by a number of case reports (e.g., ated injury. Using subarachnoid drug administration, injury could variously be attributed to Nesacaine alone (72) , to only some local anesthetics (73) , to all local anesthetics (32, 77) , to the antioxidant sodium bisulfite included in the Nesacaine vehicle (73, go), or to the mechanical trauma associated with the subarachnoid delivery of a large fluid volume (1 0). Similarly inconclusive results were gleaned from experimental studies of peripheral nerve (2,9, 1 1,60,80,8 1). Although these disparate results may be a consequence of differences in species and experimental end-points, it is clear that in most cases the studies were limited by the types of controls, the number of local anesthetics tested, and the analysis techniques.
There is no doubt that local anesthetics are capable of inducing nerve injury (49). The effects of local anesthetics on peripheral nerve can include deficits in nerve conduction, increased permeability of the perineurial component of the BNB, the accumulation of nerve edema, and dystrophic and degenerative changes to perineurial cells, Schwann cells, and axons (20-22, 49, 70) . The pattern and extent ofthese changes are time-, dose-, and concentrationdependent.
In sufficiently low doses or concentrations, none of the local anesthetic agents do more than reversibly block nerve conduction. As concentrations are increased, edema appears, particularly in the subperineurial region (20) . In the absence of severe degenerative changes, the edema accumulation is timedependent in that it develops slowly to a maximum level at about 48 hr. Subsequently the edema subsides within 1-2 weeks (Fig. 10 ). The accumulation of edema is related primarily to the drug concentration rather than the total drug dose. For example, injury and significant amounts of edema are readily produced by 0.2-0.5 ml of 10% procaine HCI; however, .1 ml of 5% procaine HCI causes the accumulatjon of little or no excess endoneurial fluid (20) .
Intermediate drug concentrations at the high-end of those which might be used clinically are capable of producing limited nerve fiber injury. Such nerve fiber loss is unlikely to be associated with a measurable clinical deficit and is likely to be followed by appropriate regeneration and complete recovery of function (70) .
High ability changes have not been assessed at lower anesthetic concentrations, it is possible that edema accumulation is a consequence of increased penneurial permeability secondary to a direct toxic effect of the local anesthetics on the perineurial cells. In addition to permeability changes, high concentrations of local anesthetics are associated with neurolytic effects manifested by loss of nerve conduction and nerve fiber degeneration. Functional and structural recovery from such injuries requires approximately 90 days (21) . By that time hindlimb function has returned; however, neither nerve conduction velocity nor regenerated nerve fiber diamcters have returned to their original levels. .--NeiiroIylics.+ Agents other than local anesthetics can be injected into extraneural tissue for the purpose of producing short-or long-term toxic effects on adjacent nerve bundles. One class of such drugs, the neurolytics, are used to produce a lasting lysis of nerve fibers for the purpose of pain relief in various unremitting conditions such as causalgias. Agents in this classification which have been studied in our laboratory include ethanol, glycerol, and ammonium sulfate. Although less potent than the local anesthetics, these toxins also exhibit a dose-dependent production of nerve edema and, at sufficient doses, nerve fiber injury. For both local anesthetics and for the neurolytic agents, the extraneural route of administration is likely to be the determining factor of a predominant effect on the perineurial component of the blood-nerve barrier.
Imreased Peritleirrial and Vascirlar Perrileability
Local, nonspecific injury produced with various procedures, including crushing, freezing, laser irradiation, and compression, is associated with increased nerve hydration secondary to an apparent breakdown of both the perineurial and the endothelial components of the blood-nerve barrier.
Crush. Freeze arid Laser. Mechanical injury and other forms of physical damage to peripheral nerve can induce local changes in BNB permeability. Crush injury, freezing and laser-induced nerve damage (48, 53, 67) all involve a local disturbance of vascular permeability and are followed by endoneurial edema and increased EFP in the nerve segment distal to the lesion. Following nerve crush there is a steady rise in EFP that is maximal 7-8 days after the injury (67) . At this point, endoneurial edema may be further exacerbated by extensive damage to nerve fibers whose myelin sheaths are collapsing and undergoing phagocytosis.
Intense edema and extremely high endoneurial fluid pressures have been measured in nerves acutely frozen with a cryoprobe (53). The severe pathology in this experimental condition appears to be due to more extensive vascular damage than is found in crush injuries. After the injury there is massive immigration of polymorphonuclear leukocytes into the area and mast cell degranulation.
Laser (heat) injury is similarly characterized by generalized cellular injury, endoneurial edema, and increased endoneurial fluid pressure (48). Any specificity of cellular injury would most likely occur due to differences in absorption of heat energy. Severe damage readily occurs to the vascular system resulting in coagulation and secondary ischemia; however, the possibility of heat-induced injury to the perineurium is not clearly resolved (3 1).
Coiiipressioii. Endoneurial edema and increased EFP have also been reported in the aftermath of nerve compression in rats where an externally applied plexiglass chamber was used to produce precisely-gauged compressive lesions (65) . The pathogenesis of these lesions appears to involve selective damage to the transperineurial vessels which become permeable after nerve compression (36-38). The circumferential application of the compression chamber breaches the perineurial component of the blood-nerve barrier as well (79) . Endoneurial edema in nerve compression tends to exacerbate the injury by increasing EFP. Further evidence ofthe relevance ofischemia to nerve fiber injury induced by external compression comes from studies showing demyelination around the circumference of fascicles (65) . Ultrastructural studies in those experiments suggest the transperineurial microcirculation is compromised, leading to ischemic injury of subperineurial nerve fibers.
No Cliauge in Pernicability Eiidotieirrial Edciiia
Experiiiietital Models of Diabetic Neirropatky. Since Van Heyningen (88) first detected elevated polyol levels in the cataracts of galactose-fed rats, the sorbitol pathway has been implicated in the pathogenesis of diabetic complications. A direct consequence of hyperglycemia in insulin-independent tissues is an increase in sorbitol pathway activity resulting in endoneurial accumulation of fructose and sorbitol because: 1) the activity of the sorbitol pathway is substrate-concentration dependent and 2) intracellular glucose levels in insulinindependent tissues such as nerve depend directly on blood-sugar levels. With glucose as substrate, fructose is the ultimate end-product, a conversion accomplished by the sorbitol pathway in two steps: 1) aldose reductase utilizes NADPH to reduce glucose to its corresponding sugar alcohol, sorbitol; and 2) sorbitol dehydrogenase utilizes NAD+ to oxidize sorbitol to fructose. With galactose as substrate, dulcitol is the ultimate end-product. Because aldose reductase reduces galactose to its polyol, dulcitol, more avidly than it reduces glucose and because sorbitol dehydrogenase does not oxidize dulcitol, polyol accumulation occurs more rapidly during galactose intoxication than in other experimental models of diabetes.
The possibility for an osmotic imbalance resulting from polyol accumulation was first suggested by Kinoshita and colleagues (for review see 25) in their osmotic theory of cataractogenesis. After detection ofpolyol pathway enzymes in nerve (8) , the osmotic theory of cataractogenesis was extended to this tissue.~In,experimental models ofdiabetic neuropathy, edema formation'was viewed as an osmotic imbalance resulting from sorbitol pathway hyperactivity and subsequent polyol accumulation. This interpretation in nerve has always been problematic because edema is confined to the extracellular endoneurial space (13, 18, 34, 46, 57) (Figs. 12 and 13) , sorbitol pathway enzymes are cellular in location (24, 35) and only micromolar amounts of relatively impermeant polyols are detected (82, 92) . Additionally, edema has not always been a consistently reported FIG. 1 I. -Araldite-embedded section of spinal ganglion from a rat exposed to 40% D-galactose for four months. Note   FIG. 12. -Peripheral nerve adjacent to the spinal ganglion from the galactose-intoxicated rat shown in Fig. 11 . Note the normal appearance of both neurons and myelinated axons and the absence of any signs of edema. x 130.
TOXICOLOGIC PATHOLOGY
severe endoneurial edema which is greatest in the subperineurial region. x 70. feature of streptozotocin-induced diabetes (see 92 and references therein).
Recent measurements of electrolytes from endoneurial fluid aspirated from the extracellular space of nerves from galactose-intoxicated rats have provided data linking the pathogenesis of edema formation to polyol metabolism in a manner consistent with morphological, immunocytochemical and biochemical evidence. Endoncurial fluid sodium and chloride concentrations from galactose-intoxicated animals are twice normal (43). The magnitude of sodium and chloride accumulation is dependent on the amount of galactose provided in the diet as is the magnitude ofnerve water content, EFP and edema assessed morphometrically (42). Moreover, endoneurial fluid sodium and chloride are present in concentrations approximately 20 times that of total nerve polyols. Finally, endoneurial electrolyte accumulation in galactose intoxication is linked.:to.::.,. polyol pathway activity since treatment .with the aldose reductase inhibitor, Statil, restores electrolyte levels, nerve water content and EFP to normal levels in spite of continued intoxication (44). These data emphasize that sorbitol pathway activity is directly linked to endoneurial electrolyte accumulation and parallel increases in nerve water content and EFP even though polyol metabolism by itself may not have an appreciable direct role in producing osmolytes responsible for edema formation.
Experimental data reconciling the inconsistent repons of edema in streptozotocin-induced diabetes with a mechanism of edema formation involving polyol-pathway-driven electrolyte accumulation are incomplete. However, the distribution of edema in the peripheral nerve of galactose-intoxicated rats offers some insight. Edema in extraganglionic nerve is most prevalent in the subperincurial space with accumulations also in the perivascular and interstitial spaces of the endoneurium (Fig. 12 ). However, in the spinal ganglia and nerve roots in which blood vessels are more permeable, no edema occurs (Fig.  11) . These observations are consistent with the notion that permeability of the vascular component of the BNB is a critical factor for edema formation associated with increased polyol metabolism. Interestingly, the BNB of extraganglionic nerve is intact in both galactose intoxication and streptoro-. ;focin-induced -diabetes when it is probed with 'macromolecdlar tracers (19, 40) . However, in streptozotocin-induced diabetes, increased paracellular permeability to radiolabelled mannitol is detectable after nine months of diabetes (75) . A preliminary report (89) suggests that no such increase in paracellular permeability to small molecular weight tracers occurs even after 11 months of galactose intoxication. The available data suggest that edema associated with increased polyol formation in streptozotocin-induced diabetes does occur (1 8) ( Fig. 13 ) and that it is likely to be dependent on whether or not paracellular permeability to small molecular weight substances is increased. The time course of permeability change following induction of diabetes with streptozotocin and the possibility of differences due to rat strain are at present unknown.
Edema formation associated with increased poly-01 metabolism in 2 experimental models of diabetic neuropathy appears to be associated with endoneurial sodium and chloride accumulation and depcndent on a BNB with normal paracellular permel ability to small molecular weight molecules-and ions, The evidence is less complete for streptozotocin-.?. induced diabetes. Accumulation of endoneurial electrolytes is in marked contrast to normal serum levels of these ions (4244) ( Fig. 13) and suggests movement against a gradient maintained by the BNB. In galactose intoxication, the dependence of electrolyte accumulation on the amount ofgalactose ingested (42) and on increased polyol metabolism (44) suggests that such accumulations are linked to the movement of sugar into the endoneurium. The lack of evidence for cotransport of sodium and sugar in peripheral nerve (for review see 74) leaves the paracellular pathway across the BNB as a route by which both sugar and ions could enter the endoneurial compartment. However, although paracel-Mar movement of nonelectrolytes has been demonstrated (39, 91), in the absence of more precise knowledge of the forces involved it is not possible to adequately describe a mechanism linking movement of sugar into the endoneurium with endoneurial electrolyte accumulation.
Telliiritini. Tellurium is a relatively rare element which gives rise to a variety of toxic signs and symptoms including "garlic breath." The neurotoxin can induce hydrocephalus, lipofuscinosis and peripheral neuropathy (3). The pathologic changes are mainly found in weanlin$ animals :which recover in spite of continued tellurium in their diet. Endoneurial edema and destruction of Schwann cells (Fig. 14) are the pathologic hallmarks of the neuropathy in which segmental demyelination occurs and accounts for paralysis in these animals. Increased vulnerability of Schwann cells during a phase of active myelination (3) to tellurium poisoning. The simultaneous appearance of edema and disintegration of myelin sheaths lead Lampert and Garrett (28) to suggest that the edema seen in tellurium-poisoned rats is not the cause of demyelination but rather the result of myelin disintegration. The resulting myelin break-down products could exert an osmotic force eliciting endoneurial fiuid accumulation.
Intramyelittic Edema
Ilexaclilorophetie arid Trietliyl Tin. Although the BNB is effective at excluding large, water-soluble molecules, many organic chemicals can penetrate the endoneurium because of their lipid solubility. Some of these agents cause spongiform degeneration of the myelin in both the central and peripheral nervous systems. The process has been most carefully studied with two toxins, hexachlorophene and triethyl tin. Both agents penetrate physiologic barrier systems to cause a distinctive type of edema which, in the acute phase of intoxication, is limited to the myelin sheath (29, 69, 87). Within days of commencing a diet of 0.1% hexachl&ophene; lhere is a conspicuous swelling of myelin sheaths in the central and peripheral nervous systems while the surrounding interstitium remains unaffected. Swelling of the myelin sheath occurs due to splitting at the intraperiod line (29, 86). Edema fluid remains in the myelin sheaths due to radial interlamellar tight junctions that preserve the integrity of the myelin sheath. The precise effect of the toxin is unknown although is has been suggested that its effect on the myelin may be the result of inhibition of enzyme systems in the myelin sheath (5). Hexachlorophene causes a significant increase in brain and nerve water content (6,29). Withdrawal of the drug from the diet results in restoration of brain water content to normal levels. However, in peripheral nerves, edema becomes even more severe in rats in which hexachlorophene was administered for two weeks followed by two weeks of normal diet. The explanation for this anomaly is that increased EFP causes a reduction in nerve blood flow and Wallerian degeneration ensues causing severe interstitial edema (55). This experimental model provided the first evidence linking increased EFP to reduced nerve blood flow and subsequent nerve fiber injury (41, 55, 69) . Intramyelinic edema can be induced by other neurotoxins, including organotin acetylethyltetramethyltetralin (1 2,83) . Thus, hexachlorophene intoxication is the prototype for a class of neurotoxins which have potent but restricted neuropathologic effects.
CONCLUSION
The ubiquitous nature of edema in experimental neuropathies suggests common mechanisms for fluid accumulation in the interstitium. In addition to being a common response to nerve injury, the unique properties of the blood-nerve barrier produce circumstances in which the resulting endoneurial edema may itself induce functional deficits and local areas of blood flow insulliciency. At least 4 possible pathogenic mechanisms have been described for edema-induced nerve injury. These include the pathologic valve mechanism and increased intercapillary distance as 2 means by which nerve might become ischemic or hypoxic. The premise of the pathologic valve mechanism is that the semielastic characteristics of the perineurium resist expansion by edema so that interstitial (endoneurial) fluid pressure is increased, which occludes transperineurial vessels. Swelling of intrafascicular space in edematous nerves increases intercapillary distance and the second mechanism suggests that these distances may be too great to maintain sufficient oxygenation for some areas of the nerve fascicle. In addition, changes in endoneurial fluid composition associated with edema may influence nerve function in two hays. First, .the altered nerve fiber microenvironment may induce deficits in nerve conduction. Secondly, a hypertonic endoneurial fluid could effectively extract water from axons and, as a result of axonal dwindling, produce reduced nerve conduction velocities. TOXICOLOGIC PATHOLOGY 36.
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